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MULTI-SLICE DOUBLE INVERSION-RECOVERY BLACK-BLOOD 
IMAGING WITH SIMULTANEOUS SLICE RE-INVERSION 

Related Applications 

This application is based on copending provisional patent application, Serial 
5 No. 60/452,071, filed March 3, 2003, the benefit of the filing date of which is hereby 
claimed under 35 U.S.C. § 1 19(e). 

Government Rights 
This invention was made with government support under 
Grant No. R01-HL56874, awarded by NIH-NIHBI, and the federal government may 
1 0 have certain rights in this invention. 

Field of the Invention 
This invention generally pertains to magnetic resonance imaging (MRI) and 
more specifically, pertains to a method and a system that use a plurality of radio 
frequency (RF) inversion pulses grouped into double-inversion procedures in order to 
15 suppress the signal from flowing blood when imaging a plurality of slices, while 
performing a simultaneous slab-selective re-inversion, wherein the slab includes the 
plurality of slices being imaged. 

Background of the Invention 
Efficient suppression of the signal from flowing blood is especially important 
20 for cardiovascular MRI, where anatomic structures and pathologic tissues of interest 
are close to blood, and flow artifacts may cause severe problems for diagnostic 
interpretation. Blood-suppressed (black-blood) imaging is currently based on two 
well-known techniques: in-flow saturation (see Edelman, R. R. et al., "Extracranial 
carotid arteries: evaluation with "black blood" MR angiography," 
25 Radiology 1990, 177:45-50; and Steinman, D. A. et al., "On the nature and 
reduction of plaque mimicking flow artifacts in black blood MRI of the carotid 
bifurcation," Magnetic Resonance Medicine 1998, 39:635-641), and double 
inversion-recovery (DIR) (see Edelman, R. R. et al., "Fast selective black blood 
MR imaging," Radiology 1991, 181:655-660; and Simonetti, O.P. et al., "Black 
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blood T2-weighted inversion recovery MR imaging of the heart," Radiology 1996, 
199:49-57). The method of in-flow saturation usually does not enable complete 
elimination of the signal from flowing blood and may be ineffective in applications 
that require clear visualization of the interface between vessel wall and lumen, such 
5 as high-resolution imaging of atherosclerotic plaque. The DIR technique is known, to 
date, as one of the more effective black-blood imaging modalities. The principle of 
DIR is that the signal from all spins within a transmit coil volume is inverted by a 
non-selective 180° pulse, which is followed by a slice-selective 180° pulse to restore 
the magnetization of a slice that is about to be imaged. After a properly chosen 

10 inversion time (TI), the magnetization of inflowing blood achieves a zero-crossing 
point, so that the observed signal does not contain a contribution from blood. Thus, 
DIR provides two general advantages: (1) it has the potential to completely eliminate 
the signal from flowing blood; and, (2) it has minimal sensitivity to the blood flow 
rate, which, in fact, should guarantee only the outflow from a relatively thin imaged 

15 slice. However, DIR, as used in this manner, is essentially applicable to imaging only 
a single slice per repetition time (TR), and therefore, a long scan time is required if 
several slices need to be imaged using the DIR method. 

To improve the time efficiency of DIR, two multi-slice acquisition strategies 
were recently proposed. Song et al., as reported in "Multislice double inversion 

20 pulse sequence for efficient black-blood MRI," Magnetic Resonance 
Medicine 2002, 47:616-620, developed a double-slice technique that uses one non- 
selective and two consecutive slice-selective inversions. Following the TI period, fast 
spin-echo (FSE) readouts are then applied consecutively to the corresponding slices 
to acquire the signals for imaging the slices. With this approach, only the signal for 

25 imaging one slice can be acquired at the moment of zeroing blood magnetization, 
while the acquisition of the signed for imaging the second slice is delayed from the 
zero-crossing point of the blood magnetization by the duration of the readout process. 
Any further increase in the number of slices acquired within one repetition time (TR) 
requires a shorter readout sequence to be used to minimize the effect of flowing 

30 blood. A five-slice extension of this technique was recently demonstrated with spiral 
readout by Song et al. (see "Highly efficient double-inversion spiral technique for 
coronary vessel wall imaging," Proceedings of the 10th Annual Meeting of 
ISMRM, Honolulu, 2002, p. 1566). However, the use of a relatively long FSE 
readout sequence, which is preferable in most applications due to image quality and 

35 tissue contrast, may preclude an increase in the number of slices per TR. Parker et al. 
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(see "Improved efficiency in double-inversion fast spin-echo imaging," Magnetic 
Resonance Medicine 2002, 47:1017—1021) proposed an alternative method that 
enables acquisition of each slice at the exact zero-crossing point. In this technique, 
the slices are acquired sequentially within the TR, while TI is reduced. This method 
5 results in several zero-crossing points per TR, each for the corresponding slice. 
Similar to the method of Song et al., a preparative module in the method of Parker et 
al. consists of a non-selective inversion followed by a train of slice-selective 
inversions applied successively to the slices to be imaged within one TR. The 
method was demonstrated in two- and four-slice variants. The four-slice technique, 

10 however, was implemented with a doubled TR that resulted in the same time 
efficiency as the two-slice procedure. 

A common problem of the above-noted multi-slice DIR techniques is the 
construction of a preparative module, which includes a train of slice-selective 
inversions, creating unequal conditions for the evolution of magnetization of different 

15 slices, since the delay between non-selective inversion and slice-selective re-inversion 
depends on the actual slice number. Furthermore, the restrictions on specific 
absorption rate (SAR) also may preclude a further increase of slice quantity. It is 
especially critical for the method of Parker et al., in which the number of slice- 
selective inversion pulses per TR is equal to the square of the number of slices, where 

20 for example, 16 inversions should be applied for four-slice imaging. 

To overcome this problem, it would be desirable to develop an alternative 
multi-slice DIR technique that is based on the simultaneous re-inversion of a group of 
slices. Such a technique should provide the required time efficiency without the 
problems of the prior art, while enabling the signal for imaging each successive slice 

25 to be acquired at the time the contribution to the signal from flowing blood is 
substantially zero or approaching zero. 

Summary of the Invention 
In accord with the present invention, a method is defined for suppressing a 
contribution from flowing blood to a signal used for MRI of each of a plurality of 

30 slices at a site in a patient, within a predefined repetition time. The method includes 
the step of applying a non-selective inversion RF pulse and a selective inversion RF 
pulse in either order. In this method, the selective inversion RF pulse simultaneously 
inverts a magnetization for all of the plurality of slices that are to be imaged at the site 
within the predefined repetition time. After waiting a predefined inversion time or TI, 

35 which is calculated as a function of a number of slices to be imaged at the site, a 
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sequence of RF pulses and magnetic field gradient pulses is executed to read out a 
signal for imaging a selected single slice from the plurality of slices. Then, after a 
predefined delay time that is also calculated as a function of the number of slices to be 
imaged, these steps are repeated to image each of the plurality of slices in succession. 
5 The method further includes the step of storing the signal read out for each successive 
slice to enable a discrete image of each successive slice to be selectively displayed 
when desired. 

The predefined TI and the predefined delay time are determined so that the 
sequence of RF pulses and magnetic field gradient pulses are applied to read out the 

10 signal for imaging each selected single slice at a time when the magnetization signal 
for the flowing blood is substantially zero. Since a benefit of the present invention is 
suppressing the contribution of flowing blood to the signals used for imaging the 
successive slices, the site of the imaging will normally include at least one artery 
conveying flowing blood. 

1 5 Another aspect of the present invention is directed to a memory medium on 

which machine executable instructions are stored for carrying out the steps of the 
method described above. 

Yet another aspect of the present invention is directed to a system for multi- 
slice double-inversion recovery black-blood imaging. The system includes an MRI 

20 apparatus adapted for producing an image of a site, and a computer coupled to the 
MRI apparatus to control it. The computer includes a memory in which machine 
instructions are stored, and a processor that is coupled to the memory for executing 
the machine instructions to control the MRI apparatus and carry out a sequence of 
operations. These operations generally correspond to the steps of the method 

25 described above. 

Still another aspect of the present invention is directed to a pulse sequence for 
multi-slice DIR magnetic resonance imaging. This pulse sequence includes pulse 
components generally in accord with the method discussed above. 

Yet another aspect of the present invention is directed to a method for 

30 enabling visual evaluation of atherosclerotic plaque at a site in a patient. This method 
is similar to the method noted above, but in addition, repeats all of the steps for each 
of a plurality of transverse slices at the site being imaged. The plurality of transverse 
slices is within planes that are generally transverse relative the plurality of slices 
initially imaged to provide a reference when acquiring the signals for imaging the 

35 transverse slices. In addition, the method includes the step of displaying selected 
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transverse slices of the site, so that any atherosclerotic plaque formation in an artery 
of the patient at the site is clearly visible. A contribution due to flowing blood in each 
transverse slice is thus suppressed to more clearly visually display any atherosclerotic 
plaque formation in an artery at the site. 
5 Still another aspect of the invention pertains to a method for fast black-blood 

angiography, wherein the steps described above are used to acquire a plurality of 
images corresponding to a plurality of slices that are disposed in an oblique plane 
along the longitudinal direction of a blood vessel. Such images depict fragments of 
blood vessels as being consistently dark compared to surrounding tissues and any 
10 pathologic lesions inside the vessels such as the atherosclerotic plaque or the 
thrombus. A plurality of oblique black-blood images is then processed by multi- 
planar reformation or minimal intensity projection in to enable the vascular anatomy 
to be clearly visable. 

Brief Description of the Drawing Figures 

1 5 The foregoing aspects and many of the attendant advantages of this invention 

will become more readily appreciated as the same becomes better understood by- 
reference to the following detailed description, when taken in conjunction with the 
accompanying drawings, wherein: 

FIGURE 1 is a schematic functional diagram of a slice acquisition scheme for 

20 a multi-slice DIR-FSE sequence; 

FIGURE 2 illustrates a plurality of proton density (PD)-weighted images of 
neck vasculature obtained from a healthy volunteer using multi-slice DIR-FSE 
sequence with variable number (N) of slices per TR, and for comparison, an image 
obtained using the FSE sequence with inflow saturation; 

25 FIGURE 3 illustrates a plurality of multi-slice DIR-FSE images of neck 

vasculature with the acquisition of the signal for four slices per TR 
(TR/TI=2500/272 ms, N=4\ for the same volunteer as in FIGURE 2, wherein the top 
row includes PD-weighted images (echo time (TE)=9ms), and the bottom row 
includes T 2 -weighted images (TE=50 ms), with an acquisition time for each image of 

30 about 1.5 min.; 

FIGURE 4 illustrates a plurality of images comparing blood suppression in 
the carotid bifurcation by the multi-slice DIR-FSE sequence with variable number of 
slices per TR (N) and the FSE sequence with inflow saturation, wherein PD-weighted 
images of neck vasculature were obtained from a healthy volunteer; 
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FIGURE 5 illustrates four consecutive PD-weighted DIR-FSE images of the 
right carotid artery obtained from an atherosclerosis patient with a 50 percent 
stenosis, wherein the top row is produced using a single-slice technique, and the 
bottom row is produced using a four-slice technique; 
5 FIGURE 6 is a functional block diagram showing a computer coupled to an 

MRI apparatus, for controlling the MRI apparatus so as to implement the steps of the 
method for the present invention; and 

FIGURE 7 illustrates oblique black-blood angiographic images processed by 
multi-planar reformation (MPR - left image) and minimal-intensity projection 

10 (MinIP - right image) that were obtained from a patient with moderate atherosclerotic 
disease and which clearly show the common carotid artery (CCA), internal carotid 
artery (ICA), end external carotid artery (ECA), jugular vein (JV), and atherosclerotic 
plaque (P), which does not cause lumen obstruction, as evident in the MinilP image. 
Description of the Preferred Embodiment 

15 Principle of Multi-Slice PER Acquisition 

A schematic functional diagram of a multi-slice DIR-FSE sequence in accord 
with the novel method described herein is shown in FIGURE 1. In FIGURE 1, slices 
are imaged sequentially within the TR, as shown by FSE readout blocks. A DIR 
preparation is executed before read out of each slice. Each DIR block includes a slab- 

20 selective inversion applied to an entire slice pack. The proper timing of the sequence 
is controlled by a post-acquisition delay (PAD), which allows for coincidence of the 
zero-crossing point of blood (see Eq. [1] below) and the start of an FSE readout. The 
general idea of this method is to replace a slice-selective inversion in the DIR 
preparation by a slab-selective one, which is applied to an entire slab of slices to be 

25 imaged within a TR. The DIR sequence is repeated for each slice, while a shortened 
TI provides imaging of several slices per TR. A predefined post-acquisition delay 
(referred to as "PAD" in FIGURE 1) is used after an echo pulse train for acquiring the 
signal to image a slice, to provide an adjustment so that there are equal time intervals 
between non-selective inversion pulses. With these conditions, the magnetization of 

30 inflowing blood equals or approaches zero at: 

TI(A0 = -T, ln(0.5(l + exp(-TR/T 1 A^)) [1] 

where N is the number of slices per TR, and Ti=1200 ms in blood. The TI values 
corresponding to different values of N at TR = 2500 ms are given below in Table 1 . 
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TABLE1 

Comparison between Multi-Slice DIR-FSE Scans 
with Variable Number of Slices per TR (N) 



N Tl(Nf 
ms 


SNR in carotid 
arteries ± SD 


P for SNR in carotid arteries 
as compared to 7V=l b 


SI(A0/SI(1) C in 
muscle 


cm/s d 


1 691 


1.36 ±0.17 


- 


1 


0.6 


2 469 


1.39 ±0.24 


0.34 


0.91 


1.6 






kj.oz 


U.oZ 




4 272 


1.46 ±0.21 


0.10 


0.75 


5.7 


5 224 


1.47 ±0.23 


0.06 


0.68 


8.6 


6 190 


1.45 ±0.24 


0.11 


0.64 


12.2 


8 146 


1.63 ±0.24 


0.0004 


0.51 


21.1 


8 e - 


2.18±0.28 e 


<0.0001 e 


0.76 e 




a Calculated by Eq. [1]. 



5 b By paired Student's /-test. 

c Signal intensities for multi-slice scans normalized to a signal intensity for the 
single-slice scan. 

d Calculated by Eq. [2]. 

e Data for the FSE sequence with inflow saturation. 
10 Subjects 

Three healthy volunteers (ages 22, 57, and 58 years, including two males and 
one female), and one carotid atherosclerosis patient (a 60 year-old female) with a 50 
percent stenosis participated in this study. Informed consent was obtained from all 
participants. The study was performed in compliance with the requirements of the 
1 5 institutional review board. 
MRI Experiments 

The multi-slice DIR pulse sequence was implemented on a 1.5T MR scanner 
(Signa Horizon EchoSpeed 5.8™, made by General Electric Co., Milwaukee, WI) in 
combination with an FSE readout. A double-inversion block consisted of a 0.8 ms 
20 rectangular non-selective pulse, and a slice-selective adiabatic hyperbolic-secant 
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pulse with a duration of 8.64 ms. Optionally, both the non-selective and slice 
selective pulses can be adiabatic inversion RF pulses. The thickness of a re-inverted 
slab was twice the thickness of an imaged slice pack to guarantee uniform re- 
inversion for all slices. All scans were obtained with a custom designed, surface 
5 phased-array coil for carotid imaging. It will be apparent that other types of MRI 
apparatus and other methods for acquiring the signals used to image successive slices 
can alternatively be used in accord with the present invention. 

To test flow suppression and image quality provided by the multi-slice DIR 
technique, PD-weighted black-blood images of cervical carotid arteries were obtained 

10 from three healthy volunteers, for N ranging from 1 to 8 (see Table 1). The common 
parameters for all scans were: TR 2500 ms, TE 9 ms, echo train 12, NEX 2, matrix 
256x256, FOV 14x10 cm, slice thickness 2 mm, receiver bandwidth 31 kHz, scan 
time about 1.5 min per each of N slices. Within each scan corresponding to the 
specified //value, from four to twelve images were acquired to cover bilateral carotid 

15 bifurcations and adjacent segments of carotid arteries. TI were calculated by Eq. [1] 
and varied between 146 ms for 7V=8 and 690 ms for N=l (see Table 1, supra). 
Additionally, an FSE scan, with inferior and superior flow pre-saturation and with the 
same parameters of an imaging sequence, was acquired for each volunteer. 

The signal-to-noise ratios (SNR) in the lumina of bilateral common, internal, 

20 and external carotid arteries at matched locations (a total of 42 measurements per N 
value) were compared among the protocols using paired student's /-test. To estimate 
saturation of steady tissues, the signal intensities (SI) in neck muscles were measured 
and normalized to the intensities for single-slice scan, SI(1). In one volunteer, the 
multi-slice DER technique was tested to obtain T 2 -weighted images with 

25 TR/TE/TI=2500/50/272 ms, respectively, and N=4. In an atherosclerosis patient, PD- 
weighted images were compared between the DIR techniques with N=l and N=4. 
Results 

FIGURES 2-5 demonstrate typical images obtained using the multi-slice DIR 
method of this invention. In FIGURES 2 and 4, the images acquired with a different 

30 number of slices per TR are shown for the identical anatomic locations. The results 
of image analysis are summarized above in Table 1. The images did not show 
significant differences in SNR values in carotid arteries between DIR scans with 
N=l-6. At N=S, suppression of arterial flow became slightly compromised. Also, the 
residual flow signal in some veins increased visibly, starting from N=4-6. It is 

35 noticeable that at all N, multi-slice DIR provided significantly better blood flow 
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suppression than inflow saturation. This effect is clearly seen at the bifurcation level 
in FIGURE 4. A minor residual flow signal in the left jugular vein is seen only at 
N=6. 

While comparing the multi-slice DIR scans with variable TV, it was 
5 determined that the signal from stationary tissues decreased progressively with an 

increase ofN (see FIGURE 2 and Table 1). As seen from the quantitative data on the 

signal intensities in muscle tissue (Table 1), at the identical iV=8, multi-slice DIR 

produces considerably lower signal than FSE with inflow-saturation. This finding 

reveals that multiple DIR preparative modules deliver extra saturation of stationary 
10 tissues relative to the multi-slice FSE sequence alone. However, up to N=4, image 

quality remained sufficient for clear delineation of the vessel wall on both PD- and 

T 2 -weighted images (see FIGURE 3). 

In a clinical example (shown in FIGURE 5), standard single-slice DIR and 

the method of the invention described herein provided similar image quality and 
1 5 visualization of atherosclerotic plaque, with N=4. A complex plaque is seen at the 

bifurcation level. Both techniques show identical appearance of the plaque except for 

a minor misregistration between the image sets. 

Discussion 

The described method represents an alternative technical solution to add a 

20 multi-slice capability to the use of DIR for flowing blood suppression. In contrast to 
the prior art multi-slice DIR techniques, the present method was tested for a wide 
range of slice quantities, TV, acquired per TR. The results show that the present multi- 
slice DIR technique can be applied and will provide a reasonable quality of flow 
suppression for blood, even when the signals for imaging eight slices are acquired per 

25 TR. It is worth noting that comparable time efficiency is technically unachievable 
while using prior art methods. For instance, the eight-slice implementation of the 
method of Song et al. with 12 echoes in a train and the shortest available echo spacing 
(about 7 ms) would result in about 700 ms delay between an acquisition of the first 
and the last slice, leading to considerable relaxation of the blood signal (i.e., deviation 

30 from the zero crossing point) by the time the last slices are imaged. In the technique 
of Parker et al., a similar time efficiency would require an unpractically large number 
of slice-selective inversions, i.e., 64 per TR. 

It was determined in these tests that flow suppression becomes slightly 
compromised with an increase in the number of slices. This effect was expected, 

35 because flowing blood suppression by DIR presumes complete outflow from an 
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imaged slice during TL Clearly, this requirement limits the available number of slices 
per TR, since an increase of N leads to an increase in slab thickness and a decrease of 
TI (see Eq. [1]). One purpose of this study was to estimate how significant the 
increase of flow sensitivity is in the present method, from a statistical point of view. 
5 As seen from the Results section provided above, for a particular set of pulse 
sequence parameters, multi-slice DIR with up to six slices per TR provided almost 
the same efficiency of flowing blood suppression in carotid arteries as standard 
single-slice DIR. Obviously, the slow venous flow appeared to be more difficult to 
suppress completely using this technique with large N. 
10 To characterize flow sensitivity of multi-slice DIR quantitatively, it is 

convenient to introduce a parameter to account for the effects of both slab thickness 
and TL Such a parameter is the minimal flow velocity, V^, needed to guarantee 
complete outflow from an entire slab of slices during TI, which can be expressed as: 

V^Ns+iNAWigTI) [2] 

15 where s and d are the slice thickness and the interslice distance respectively (s = 
2 mm and d = 0 in the tests discussed above), and g is the scaling factor for a slab- 
selection gradient applied to prevent an incomplete inversion for the edge slices. The 
coefficient l/g means an effective thickening of a slab relative to the standard 
thickness calculated by the full width at half maximum. For the hyperbolic-secant 

20 inversion pulse used in the pulse sequence of the current invention, this factor was 
determined for g = 0.52 to guarantee the correspondence of an inverted slab to a flat 
top of the excitation profile. The calculated values of Vuun are given in Table 1, 
supra. As seen from Table 1, good flow suppression was achieved for Vmin limited to 
approximately 12 cm/s. This value is at least two-times less than the typical flow 

25 velocity in carotid arteries, which is about 25-110 cm/s, and it probably can be used 
as an empirical boundary for the design of multi-slice DIR protocols for carotid 
imaging, which may utilize different N, TR, TI, and slice thickness. It was also noted 
that the efficiency of flow suppression depends on individual flow patterns, and one 
may expect poorer suppression when slow flow or re-circulation occurs. 

30 An important practical aspect of the described method is the decrease of the 

signal from stationary tissues with an increase of N. This effect is essential for image 
quality in thin-slice, high-resolution imaging of a vessel wall, although it may be less 
critical in applications with generally high SNR. Saturation of stationary tissues in 
multi-slice DIR imaging has two origins, which are the effect of the multi-echo (i.e., 

35 FSE) sequence and the effect of double inversions. The first effect is well known and 
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can be attributed to off-resonance magnetization transfer and slice cross-talk. The 
relative role of this kind of saturation is indicated in images obtained using the multi- 
slice FSE sequence without DIR preparation (see FIGURES 2 and 4, and Table 1). 
The contribution of cross-talk can be reduced by using an appropriate inter-slice 
5 distance, although a potential increase of flow sensitivity may occur due to an 
increase of thickness of a re-inverted slab (see Eq. [2]). The second saturation 
mechanism is specifically related to the multi-slice DIR technique, where the 
frequently repeated double inversions deliver extra saturation to stationary tissues. 
Comparison between the scans obtained with DIR and pre-saturation for jV=8 (Table 

10 1) shows that the inversion pulses are responsible for about half of the total signal 
loss. As has been shown, a DIR pulse pair is capable of producing a significant 
saturation effect that is dependent on TL This effect is especially critical for tissues, 
as it is caused mainly by on-resonance magnetization transfer. Practically, the 
specific saturation due to double inversions is negligible at the long TI typically used 

15 for PD/T 2 -weighted single-slice DIR imaging. However, this effect becomes an 
important limiting factor for the multi-slice DIR technique, when TI is reduced. If 
high-resolution images of carotid arteries need to be obtained with high SNR for 
precise evaluation of tissue components relating to the formation of atherosclerotic 
plaque, the overall image quality required may constrain the available number of 

20 slices per TR even more strictly than outflow effects. It was determined that N=A is 
optimal (FIGURES 2-5) for clear visualization of the vessel wall for both PD- and T 2 - 
weighted images when using the method and hardware of this invention, as described 
above. 

While the only application of the multi-slice DIR method demonstrated is for 
25 the high-resolution imaging of carotid arteries, this method potentially can be applied 
in any area, where efficient flow suppression is required. However, special tests need 
to be performed for different anatomic regions, since the effectiveness of multi-slice 
DIR depends on both scan parameters and an actual flow velocity. An application of 
particular interest could be cardiac imaging, where cardiac gating is absolutely 
30 necessary. Non-gated acquisition was used in the present study, because this 
technique provided excellent blood suppression and image quality without gating. 
Gating, however, may limit a potential time performance of this method, because the 
time interval TR/Af (see FIGURE 1) cannot be shorter than one cardiac cycle (RR 
interval), if the acquisition for each slice corresponds to the same cardiac phase. In 
35 such a situation, a benefit of the multi-slice method could be the acquisition of 2-4 
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slices per cardiac phase instead of only one slice as is possible with conventional 
DIR. 

In summary, the new multi-slice DIR method of this invention provides a 
tradeoff between the quality of flow suppression specific for single-slice DER and the 
5 time efficiency of multi-slice FSE with inflow saturation. Just as is true in 
conventional single-slice DIR, the present technique improves blood suppression 
significantly with respect to the inflow saturation method. At the same time, a 2-8- 
fold decrease in the scan time can be obtained with multi-slice DIR relative to single- 
slice DIR. Based on the discussed properties of the multi-slice DIR method, two 

10 strategies have been contemplated for its further clinical applications in carotid 
imaging. Due to more reliable flow suppression, multi-slice DIR with a relatively 
large value of N=5-S can be used instead of inflow-saturated FSE for screening 
purposes, such as evaluation of an obstructed lumen within a long segment of a 
carotid artery. For obtaining high-resolution images with high SNR, which are 

15 necessary for precise identification of plaque components and morphologic 
measurements, the technique can be applied with a reduced value of TV (i.e., N=2-4) 
and still be much faster than single-slice DIR. 
System for Implementing the Present Invention 

FIGURE 6 schematically illustrates a system suitable for implementing the 

20 present invention. The system includes a generally conventional MRI apparatus 30 
that is controlled by a computer 32. Computer 32 may be a generally conventional 
personal computer (PC) or a dedicated controller specifically intended for controlling 
MRI apparatus 30. Although not specifically shown, MRI apparatus 30 includes a 
magnet to create a permanent magnetic field, a plurality of gradient coils to produce 

25 spatial variations of magnetic field, and an RF transceiver and receiver systems to 
transmit and receive RF signals to and from a plurality of RF coils, as will be well 
known to those of ordinary skill in the art of MRI. Accordingly, details of the MRI 
apparatus need not be specifically illustrated or discussed herein. 

Computer 32 is coupled to a display 34, which is used for displaying MRI 

30 images of slices to an operator. Included within computer 32 is a processor 36. A 
memory 38 (with both read only memory (ROM) and random access memory 
(RAM)), a storage 40 (such as a hard drive or other non-volatile data storage device) 
for storage of data, digital signals, and software programs, an interface 44, and a 
compact disk (CD) drive 46 are coupled to processor 36 through a bus 42. CD 

35 drive 46 can read a CD 48 on which machine instructions are stored for implementing 
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the present invention and other software modules and programs that may be run by 
computer 32. The machine instructions are loaded into memory 38 before being 
executed by processor 36 to carry out the steps of the present invention. 

Operation of MRI apparatus 30 is controlled by computer 32 when 
5 processor 36 executes the machine instructions stored in memory 38. These machine 
instructions cause the processor to implement the pulse sequence using a DIR 
procedure and other pulses that are applied in the method. The selective inversion RF 
pulse is applied to all of the slices comprising a slab. In this pulse sequence, each 
DIR is followed by the acquisition of a signal for imaging a slice of the slab, e.g., 

10 using FSE, followed by a PAD interval, before being repeated, as discussed above, to 
acquire the signal for imaging each successive slice. The resulting signals for 
imaging each slice are optionally stored on storage 40 so that selected slices can be 
displayed on display 34, or our directly displayed. It is also noted that the machine 
instructions will cause processor 36 to determine the appropriate PAD interval, based 

15 upon the TI and number of slices to be imaged per slab, so as to ensure that the blood 
magnetization is passing through or approaching zero when the signal for imaging 
each successive slice is acquired. 
Steps for Imaging Atherosclerotic Plaque 

As already indicated, while not limited to any specific application, the present 

20 invention is particularly useful for improving the visualization of atherosclerotic 
plaque in a vessel, such as in the carotid artery of a patient, since such plaque and the 
morphological condition of the plaque are much more readily apparent when the 
contribution of flowing blood in the artery has been suppressed by employing this 
invention during the acquisition of the signals used for displaying the MRI images. 

25 In an exemplary protocol that uses the present invention, seven imaging sequences 
are performed. The first two imaging sequences are employed to locate bilateral 
carotid bifurcations. The third sequence is an oblique black-blood angiographic 
sequence that uses the improved black-blood imaging of the present invention to 
precisely determine a position of the bifurcations, which then serve as an index 

30 landmark for subsequent transverse imaging sequences, i.e., for transverse imaging 
sequences 4-7 in which imaged slices are in planes that are generally transverse to the 
longitudinal direction of the vessel. The third imaging sequence is also helpful for 
visualizing any plaque distribution, P, along the carotid arteries (i.e., CCA, ICA, 
ECA), as seen in FIGURE 7, and to select one side as an index side. If desired or 

35 necessary, the remaining sequences 4-7 can be repeated on the other side. 
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The four subsequent transverse imaging sequences provide black-blood 
images with basic contrast weightings. For example, these final four sequences can 
be done with Ti weighting, PD weighting, and T2 weighting, as well as to produce 
bright-blood (three dimensional time-of-flight) images, to more clearly characterize 
plaque and better visually disclose the morphological condition of the plaque. In 
order to facilitate further comparisons, coverage of transverse imaging sequences 4-7 
is prescribed so that slices obtained from different sequences are positioned at about 
the same distance from the carotid bifurcation of the index side (and optionally, if the 
other side is to be imaged, the bifurcation on the other side). Using this technique, it 
is possible to identify one or more morphological conditions of the plaque, including: 
(a) presence of a lipid core; (b) existence of an intraplaque hemorrhage; (c) necrosis; 
(d) presence of calcified tissue; and (e) identification of a ruptured fibrous cap on the 
atherosclerotic plaque. 

Although this invention has been described in connection with the preferred 
form of practicing it and modifications thereto, those of ordinary skill in the art will 
understand that many other modifications can be made to the invention within the 
scope of the claims that follow. Accordingly, it is not intended that the scope of the 
invention in any way be limited by the above description, but instead be determined 
entirely by reference to the claims that follow. 
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